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Abstract
Ultrafast pump-probe technique is a powerful
tool to understand and manipulate properties
of materials for designing novel quantum de-
vices. An intense, single cycle terahertz pulse
can change the intrinsic properties of semicon-
ductor quantum dots to have different lumi-
nescence. In a hybrid system of plasmon and
exciton, the coherence and coupling between
these two degrees of freedom play an impor-
tant role on their optical properties. Therefore,
we consider a terahertz pump optical probe ex-
periment in the hybrid systems where the ter-
ahertz pump pulse couples to the exciton de-
grees of freedom on the quantum dot. The time
resolved photoluminescence of the hybrid sys-
tem shows that the response of the character-
istic frequency shifts according to the overlap
between the pump and probe pulses. Further-
more, the resonance between the exciton and
plasmons can be induced by the terahertz pump
pulse in some parameter regimes. Our results
show the terahertz driven hybrid system can
be a versatile tool for manipulating the mate-
rial properties and open a new route to design
modern optical devices.
Recently, ultrafast techniques have drawn a
lot of attention because of the capability to ac-
cess novel quantum states of matter from vari-
ous different pump-probe configurations.1,2 For
example, the time-resolved, angle-resolved pho-
toemmision spectroscopy can provide informa-
tion on single particle spectra;3–5 time-resolved
Raman scattering for the particle-hole excita-
tions;6–8 time-resolved x-ray photoluminescence
spectroscopy for the dynamics from core hole ef-
fect;9–11 and time-resolved resonant inelastic x-
ray scattering for the dynamics of transient ex-
citations.12–19 Beside probing the dynamics of
excitations, state-of-the-art pump-probe tech-
niques also provide new direction in manipulat-
ing properties of materials and open up a new
class of photonic devices with controllable func-
tionalities.20–22
An intense single cycle terahertz frequency
pump pulse can provide multi-MV/cm field
strengths to access nonlinear spectroscopy ap-
plications23 and control the structural dynam-
ics.22 Recent studies24,25 use the terahertz elec-
tric field enhancement to manipulate the prop-
erties of quantum dots (QD) by measuring
the reflectivity and photoluminescence (PL) on
gold microslits, which demonstrate a path way
to electro-optic modulation from the interac-
tion between the applied electric field and the
excitonic degrees of freedom of the QD. On
the other hand, the plasmon degrees of free-
dom on the nanoparticle (NP) can couple ef-
fectively to the exciton on the QD.26 In hybrid
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systems, one can modify the spontaneous emi-
sion through assembly and synthesis26 to achive
higher intensity and tunability near resonance.
The anisotropic nature of the hybrid systems
also bring more interesting strucrture27 in the
PL which makes the hybrid system a poten-
tial candidate for designing photonic devices
such as nanoattena28,29 and quantum informa-
tion devices.30
In this article, a quantum mechanical model
we proposed previuously27 is used to describe
the exciton plasmon hybrid system consisting
of a single quantum dot and nanoparticle. We
calculate the nonequilibrium PL of the hybrid
system under the influence of external terahertz
pump field. The probe field with a time delay
can overlap with the pump field which results
in a time-resolved PL (tr-PL). The nonequi-
librium spectrum is calculated in time depen-
dent perturbation theory where the probe field
is treated as a perturbation in linear response
and the formula shares similar structure with
the time-resolved, angle-resolved photoemmi-
sion spectroscopy31 and time resolved x-ray ab-
sorption spectroscopy.32 The results show the
frequency shift of PL peaks according to the
overlap between the pump and probe fields
which reveals the manipulation of the optical
properties of the hybrid systems. The frequency
shift is proportional to the instantaneous inten-
sity of the pump pulse also known as ac-Stark
effect. In addition, our model calculation also
demonstrates that there is a terahertz driven
resonance in the hybrid system in the proper
parameter regimes. Our studies of tr-PL show
that the terahertz driven exciton-plasmon hy-
brid systems can extend the applicability and
functionality as a potential photonic device.
We model the hybrid system of NP-QD with
the Hamiltonian27
Hsystem = Edd
†d+ Ecc†c−∆dc(d† + d)(c† + c) . (1)
Here, c†(c) is the creation (annihilation) opera-
tor for excitons on the QD and d†(d) is the cre-
ation (annihilation) operator for plasmons on
the NP. The internal energy (Ec(d)) levels are
related to the physical sizes and materials of the
NP and QD.33,34 On the QD, only single exci-
ton excitation is considered and there can be
many plasmons occupied on the NP. The most
important coupling between excitons and plas-
mons in the first order is determined by dipole-
dipole interaction35,36 and can be anisotropic.27
Here, we only consider a single QD and one NP
with isotropic coupling which can be achieved
in experiment by aligning the polarization of
the probe field parallel to the symmetry axis.
Thus, the parameter ∆dc depends on their in-
trinsic properties and the distance between the
NP and the QD.
In general, the pulse (both pump and probe)
will couple to the NP and QD degrees of free-
dom through the dipole transition operator,
Hk(t) = h
(k)
0 sk(t, td)e
iωkt(A†k + Ak)eˆk , (2)
where k = pump or probe, h0 is the intensity
and eˆk is the polarization. Here, the sk(t, td)
is the Gaussian envelope function of the pulse
centered at td,
sk(t, td) =
1√
2piσk
exp[−(t− td)2/2σ2k] . (3)
Usually, the polarizations of the pump and
probe pulse are perpendicular to each other in
experiments. Here, the operator Ak triggers the
dipole transitions,
Ak = M
e
d,kd+M
e
c,kc (4)
where Me ∈C is the associate matrix element
with photon polarization e. Generally, Me can
be time-dependent in non-equilibrium dynam-
ics, but it is treated as a time-independent pa-
rameter in this work for simplicity. In order to
mimic the experimental probe which detects the
photon intensity with the incident frequency,
the process is usually related to certain expec-
tation value of the probe observable. Here, we
use time dependent perturbation theory. Typ-
ically, the pump pulse Hpump is stronger than
the probe pulse Hprobe, and one can treat the
probe pulse as a perturbation. Similar to the
tr-ARPES and tr-XAS process,31,32 the tr-PL
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can be captured by
IPL(ωprobe, td) ≈
∫ ∫
dt2dt1e
iωprobe(t2−t1)×
sprobe(t1, td)sprobe(t2, td)C(t1, t2) (5)
where C(t1, t2)=〈(A†probe(t2)+Aprobe(t2))(Aprobe(t1)+
A†probe(t1))〉 is a nonlocal time correlation func-
tion and Aprobe(t) = eiH(t)Aprobee−iH(t) with
H(t) = Hsystem +Hpump(t). The derivation of
the above formula is given in the supplemen-
tary material. The main task is to simulate the
correlation function C(t1, t2) in the real time
evolution of the wave function. Since the pump
pulse couples different particle number sector,
we include the Hilbert space up to ten total par-
ticles (one exciton plus nine plasmons or ten
plasmons without exciton). Under current con-
sideration, the calculated spectrum is beyond
rotating wave approximation and accounted for
contribution from all included particle sectors.
In our simulation, usually only four total par-
ticles are needed since the terahertz pulse is
off resonance with the energy scale of both QD
and NP and the pulse intensity (h0) is not set
to be strong compared to the energy scales.
We set pump pulse with frequency of ωpump=1
terahertz, width of σpump≈250 fs, and a phase
shift φ = −0.2, shown in the insets of Fig. 1,
throughout entire article.
We focus on the regime where the tera-
hertz pump pulse only couples to the QD as
Mc,pumpMd,pump and the probe pulse excites
the excitation on the NP as Md,probeMc,probe.
Figure 1 shows the tr-PL of the hybrid system
under different time delays. In equilibrium, the
main feature of the spectrum has two photolu-
minescence peaks which locate near the energy
scales27
ωd,c =
1
2
[
Ed + Ec ±
√
(Ed − Ec)2 + 4∆2dc
]
.
(6)
If the probe pulse is sent before the pump pulse
starts to amplify, for example td ≈ −414 fs,
the spectrum is similar to the one in equilib-
rium as shown in Fig. 1(a) where the frequency
of both photoluminescence peaks agrees with
the equilibrium results which are marked as
Figure 1: (a) The intensity of tr-PL of the hy-
brid system with different time delays (a) −414,
(b) −165, (c) −62, (d) −21, (e) 0, (f) 21, (g)
93, and (h) 414 fs. The dashed (dotted) line
in is frequency of the photoluminescence peak
ωd (ωc) at equilibrium from Eq. (6). The insets
show the temporal profile of the pump pulse and
the circle marks the center of the probe pulse
(td). The system has parameters of Ed = 3eV ,
Ec = 3.3eV , and ∆dc = 150meV . The pump
pulse has intensity h0 = 1 and the probe pulse
width is set to σprobe=41.4 fs.
two vertical lines. For large time delay where
the pump pulse deminishes, both photolumi-
nescence peaks recover to the similar energy
scale as the equilibrium. These results meet
our expectation that the wavefucntion is likely
to have high fidelity after the pump pulse dem-
inishes since it is off resonance with the QD
and its strength is also not strong. Although
the pump pulse is off resonance with the en-
ergy scale of the QD, the frequency of the pho-
toluminescence peak shifts if the probe pulse
overlaps with the pump pulse while the varying
time delay td of the probe pulse. The photolu-
minescence peak ωc has a major shift, 400 meV
if probed near the maximum intensity of the
pump pulse, due to this overlap and the cou-
pling to the pump pulse. Furthermore, vary-
ing the time delays, the shifts of both peaks
follow the instantaneous intensity of the pump
pulse as shown in Fig. 2(a). The results show
that the terahertz pump pulse affects the inter-
nal energy structure of the QD and the spectra
depends on the instantaneous intensity of the
pump pulse which indicates the ac-Stark effect
caused by the terahertz driving fields. This ef-
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fect should be measurable by spatiotemporally
overlapping the pump pulse and the probe pulse
in the hybrid system. Although the pump pulse
does not directly couple to the NP, the energy
of the photoluminescence peak ωd also shifts ac-
cordingly which is affected by the coupling be-
tween NP and QD. As the couplings change,
the frequency shift of both major peak behaves
differently as shown in Fig. 2(b). While the
frequency shift of the ωd increases as the cou-
plings become stronger, the frequency shift of
ωc peak decreases. However, the shifts of fre-
quency do not strongly depend on the coupling
as they only chenge around 40 meV as the cou-
pling nearly doubles. As one chenges the inten-
sity of the pump pulse, the scalings of the fre-
quency shifts are different for both major peaks
as shown in Fig. 2(c). While the frequency shift
of the ωc peak increases as h20, the intensity of
the peak deminishes (not shown). This can be
understood as the effective internal energy scale
becomes large due to the pump pulse fluence
and the larger difference between effective Ed
and Ec results in smaller intensity in the ωc
peak which agrees with the conclusions from
equilibrium.27 For the frequency shift of the ωd
peak, it scales linearly between h0 ∼ 0.5−1.0
eV. It is worth noting that the results presented
here assume that the probe pulse has strong
coupling to the plasmons on NP and not exci-
tons on QD. One can expect that the scaling
and the relation can change if the probe pulse
couples to the excitons more strongly than the
plasmons.
Beside the shifts of the photoluminescence
peaks, there is another emergent peak if the
width of probe pulse is wide enough and the
time delay is around the maximum of the pump
pulse. Figure 3(a) shows the comparison of the
different width of the probe pulse. The location
of ωc is shifted to 3.77 eV and satellite peak(s)
around 3.5−3.6 eV. This emergent peak is only
visible when the width of the probe pulse is
large. For a narrow probe pulse, the spectrum
is rather broaden and only two major dominant
peaks are visible. For a wilder probe pulse,
the overlap between the pump and probe pulse
extents and the spectrum reveals more energy
scales that is driven by the pump pulse. Consid-
Figure 2: The energy shifts of both major
peaks, δωc (open circle) and δωd (filled square),
versus time delay (a), δdc (b) and h0 (c). The
dashed line in (a) shows the intensity of the
terahertz pump pulse over time. The system
has parameters of Ed = 3eV , Ec = 3.3eV , and
∆dc =150meV in (a) and (c). The pump pulse
has intensity h0 =1 in (a) and (b) and the probe
pulse width is set to σprobe=66.2 fs.
ering different coupling ratio on the probe pulse
(α= |Md,probe/Mc,probe|), the results give similar
conclusions qualitatively as shown in Fig. 3(b).
Here, the maximum energy shift still happens
when the center of probe pulse is near the maxi-
mum of the pump pulse. As the ratio decreases,
which means the probe pulse couples to QD
stronger, the energy shift of the ωc peak be-
comes more pronounced as shown in Fig. 3(c).
In the previous section, the tr-PL shows over-
all blue shift of both photoluminescence peaks
compared to the equilibrium spectrum and the
overall shift of the ωc peak is larger than the
other. In equilibrium, the spectrum shows the
resonance between plasmons and excitons when
their intrinsic energy is very closed to one an-
other27 where the intensity of both photolumi-
nescence peaks is equal despite the different line
shape. Here, we consider the case where the en-
ergy of the QD is smaller than the one of NP
Ec < Ed which the ωc peak will have smaller
energy than the ωd one. In experiment, by us-
ing different materials, one can engineer the QD
and NP which has different internal energy level
and achieve the condition.26 Figure 4 show the
spectrum with two different Ec=2.4 and 2.7eV
4
Figure 3: (a) The tr-PL spectrum under differ-
ent probe pulse width σprobe. The inset shows
the profile of pump pulse and the time de-
lay is marked. (b) The tr-PL spectrum with
the probe pulse parameter α = 0.5 with dif-
ferent time delay which is marked in the inset
with corresponding color. (c) With the same
time delay, two different coupling ratio is com-
pared. The system has parameters of Ed=3eV ,
Ec = 3.3eV , and ∆dc = 150meV . The pump
pulse has intensity h0 = 1 and the probe pulse
width is set to σprobe=66.2fs.
while the energy of the NP remains the same at
3eV. In the early probe in Figs. 4(a) and 4(e),
the spectrum shows similar results where both
peak has blue shift and the ωc peak has larger
energy shift than the ωd peak. As the center of
probe pulse moves toward the maximum of the
pump pulse, the energy of ωc peak move closer
to the ωd peak and its intensity also becomes
stronger as shown in Figs. 4(b) and 4(c). For
Ec = 2.4ev shown in Fig. 4(d), the probe pulse
center is near the maximum of pump pulse,
both peak have nearly the same intensity but
slightly different line shape. This spectrum is
very similar the resonance case in equilibrium
when the internal energy scale of NP and QD
are closed to each other. The resonance pre-
dicted here, however, is driven by the terahertz
pump pulse due to different response from ex-
citon and plasmons. Similarly, for Ec = 2.7eV,
the resonance happens before the center of the
probe pulse is at the maximum of pump pulse as
shown in Fig. 4(f). Interestingly, as the center
keeps move toward the maximum of the pump
pulse, the ωc peak will appear in a higher en-
ergy than the ωd peak. Also, at the same time,
the ωd peak results in having a red shift instead
of a blue shift. Both effects observed here shows
Figure 4: The spectrum with Ec=2.4ev (a)-(d)
and 2.7eV (e)-(h) is shown with different time
delays shown in the insets. In equilibrium, the
photoluminescence peak ωd (ωc) is marked with
vertical dashed (dotted) lines. The insets in (a)-
(d) shows the pump pulse profile and the center
of probe pulse. The system has parameters of
Ed=3eV and ∆dc =150meV . The pump pulse
has intensity h0 = 1 and the probe pulse width
is set to σprobe=66.2fs.
that the terahertz pump pulse indeed changes
the internal energy scale of the QD which is the
degree od freedom the pulse couples to.
We study a QD-NP hybrid system under the
influence of a terahertz pump pulse by calcu-
lating its time resolved PL with various time
delays. The frequencies of the photolumines-
cence peaks are shifted according to the over-
lap between the pump pulse and probe pulse.
More importantly, the energy shifts are propo-
tional to the instataneous intensity of the pump
pulse which is a consequence of modifed prop-
erties of the QD as ac-Stark effect. Also, the
frequency shifts behaves differently as the cou-
plings between the QD and NP change, and the
relation also agrees with the conclusion from
equilibrium by consideriong the effective eter-
nal energy scale due to the the terahertz pump
pulse. Under the assumption of probe pulse
couples strongly to the plasmon, the frequency
shift scale quadraticly (linearly) as the inten-
sity of the pump pulse for ωc(d) peak. Fur-
thermore, if the QD has smaller internal energy
than the NP, our results show that the terahertz
pump pulse can drive the system into a reso-
nance where both photoluminescence peak have
nearly equal intensity and the frequency dif-
5
ference is closed to the coupling between plas-
mon and exciton. This terahertz driven res-
onance is an important feature for designing
novel photonic devices and various applications.
In experiment, the QD and NP particles have
roughly internal energy as several electronvolts
and the terahertz pump pulse with frequency
1 terahertz and field strength around 10–300
kV/cm. The typical size of QD is around 2–50
nm, and this gives a rough estimation of the
h0∼0.02–3 eV.
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To calculate non-equilibrium tr-PL, we assume the system starts out in equilibrium at
t→−∞ with Hamiltonian Hsystem. In experiments, the spectrum may be measured by
Ief (t) =
∑
n
ρn〈ΨFn |a†efaef |ΨFn 〉 (1)
where a†ef is the photon creation operator with polarization ef Typically, the pump pulse
Hpump is stronger than the probe pulse Hprobe, and one can treat the probe pulse as a
perturbation. The full evolution operator can be approximated as
Uˆ(t, t0) ' U(t, t0)− i
∫ t
t0
dt1U(t, t1)Hprobe(t1)U(t1, t0)
+
∫ t
t0
dt2
∫ t2
t0
dt1U(t, t2)Hprobe(t2)U(t2, t1)Hprobe(t1)U(t1, t0) . (2)
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Here, the evolution operator is U(t, t0) = T exp[−i
∫ t
t0
(Hsystem(t
′) + Hpump(t′))dt′)]. The
leading contribution to the measured spectrum is of second order in Hprobe and we obtain
Ief (t) '
∫ t
t0
dt2
∫ t2
t0
dt1〈U(t, t2)Hprobe(t2)U(t2,∞)[a†efaef − (ef · ei)2]
U(∞, t1)Hprobe(t1)U(t1, t0)〉 . (3)
The probe pulse function is given at Eq. (3) in the main text. Putting all things together,
we arrive
Ief (t) '
∫ t
t0
dt2
∫ t2
t0
dt1〈U(t, t2)Hprobe(t2)U(t2,∞)[a†efaef − (ef · ei)2]U(∞, t1)
Hprobe(t1)U(t1, t0)〉 (4)
=
∑
ep,e′p
∫ t
t0
dt2
∫ t2
t0
dt1s(t1)s(t2)〈U(t, t2)(A†probe(t2)aep + a†epAprobe(t2))U(t2,∞)
[a†efaef − (ef · ei)2]U(∞, t1)(A†mep(t1)ae′p + a†epAme′p(t1))U(t1, t0)〉 .
Here, we further assume the tr-PL measurement takes an off resonance pump. As mentioned
before, we considered the system is in equilibrium in the past so the t0→−∞. Also, the
time t→∞ is set so all the scattering events will be included. Thus, the formula for tr-PL
is
IPL(ωprobe) ' −
∫ ∞
−∞
dt2
∫ ∞
−∞
dt1e
iωprobe(t2−t1)s(t1)s(t2)C(t1, t2) .
In equilibrium, the spectrum can be described as a continuous probe beam as s(t) = 1.
In addition, the Hamiltonian is translational invarient in time and the ground state of the
system is a vacuum state which allows us to take rotating wave approximation. Therefore,
the nonlocal time correlation function in Eq. (5) of the maintext can be reduced to a function
2
Figure 1: Absorption spectrum calculated from Fermi golden rule (dashed line) and nonlocal
time correlation function (solid lines) with Ed=3eV , Ec=3.3eV , and ∆=150meV .
of t= t2 − t1 as
IPL(ωprobe) ∝ −
∑
f
∫ ∞
−∞
dtei(ωprobe+Ei−Ef )t〈ψi|Aprobe|ψf〉〈ψf |A†probe|ψi〉
=
∑
f
|〈ψf |A†probe|ψi〉|2δ(ωprobe − Ei − Ef + iΓ) .
Here, we usually consider the lifetime of the excitation is much shorter than the probe filed,
thus an additional decay parameter (Γ) is introduced.
Figure 1 show the comparison of PL calculated from the Fermi golden rule and the formula
above in the absence of pump pulse. The results clearly show that our formula recovers the
equilibrium spectrum as increasing the width of the probe pulse and the spectrum becomes
more broaden as the prob pulse becomes narrow.
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